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SUMMARY

E. Bisson

Theeffectivenessofmolybdenumdisuli%ieMoS2 asa fretting-
corrosioninhibitorwasinvestigated.SixmethodsOS app~
M&2 tosteelspecimenswereevaluatedbynotingthenuniberof
cyclesofvibrationrequiredtoproducethefirstevidenceoffret-
tingcorrosionandbyobservingthenatureofitsoccurrence..

Experimentswereconduotedwithsteelballs,vibratinginoon-
taotwithglassflatswherebytheactioncouklbemioroscopi~lly
bbse~ed.A coatingofdry M&2 (bondedtosteelbyrubbinga
mixtureof M&2 andsyrupintointimatecontactwiththeolean
steelatelevatedtemperatures)provedmosteffective.Ofthe -
methodsinvestigated,thismatingdelayedthes- offretting
oorrosionofthesteelballto28,000,000oyolesincontrastto
lessthan30cyclesforthecleanunooatedsteelball.Dry MoS2
andndxturesof M&2 withvariousoarriers(waterandaerosol,
l@htoil,andheavygrease)appreciablydelayedtheoccurrenceof
frettingmrrosion.Mioroscbpicobservation,however,imiioatedthat
M@2-mayhavebeenineffectiveat thecontactareaandthatthe
oarrieralonemayhavebeenresponsibleforthebeneficialaction.

Experimentswerealsooonductedwithsteelflatsvibratingin
contaotwithsteelflatsthatproducedfrettingcorrosionofclean
untreatedspeoimensinlessthan100oyoles.A bondedccatingof
MoS2wasagainmosteffeotlve,delayingtheetartoffretting
corrosionto10,000,000oyoles,whereasdry MoS2andmixturesof
M@2 withosrrierswerelesseffective.Observationsindioated
thattheeffectivenessofanyfretting-corrosioninhibitorisdepen-
dentonits,abilitytopreventmetallioadhesioncontinuously.

INTRODUCTION

Frettingcorrosion,definedas surfacefailurethatmayoocur
whenoloselyfittingmetalsurfaoeserperienoeslightrelative
motion,damsgesmanymachineputssubjecttovibration.Numerous
occnrrrenoeqofthisphenomenonandresultantmachinefailures
(desoribedinreferenoe1)indicatethatanurgentproblemexists. “

a

.
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2 NACATM2180

A greatdealofempiricalworkhasbeendonewith inhibitors(for
example,exlnmme-pressureoilsamdgreases;oxygen-freelubricants;
tin,copper,andchromimhplating;andgraphite);noneof’these
inhibitorshaveappreciablyminimizedorpreventedfretting
corrosion.

Recentreseamh(reference2)andearlierresearch(refer-
enc&3 and4)indicatethat,basically,frettingcm?osionisthe
resultoflocalizedorveryconcentz?atedfrictionphenmena.Based
ontheresultsofreference2,adhesionisbelievedtobethepri-
msryf%iotionphenomenoninvolved;adhesioncausestheremovalof
finelydividedoxidizablemetal.Otherphenomena,suchasthe
rubbingoffofoxidefilms,weldingfromfrictionalheat,and
abrasion,mdoubtedlycontributetofurthersurfacedestruction.

MolybdenumdisulfideMoS2 isa solid-filmlubricantposses-
singthefollowingdesirableproperties:highload-carryingcapac-
ity@ capabilitypfminimizingmetallicadhesion(reference5);
tenacityforsteelandlowcoefficientoffriction(reference6);
andthermalstability(reference7). .

~ compoundMcS2wasthereforechosenasthemostprdmis-
. ingfretting-corrosioninhibitorofpracticalsignificanceandan

investigationwasconductedattheNACALewislaboratorytodeter-
mineitseffectiveness.13rperimentswereconductedwithsteelballs
vibratinginCon-etwithglassflatsat120cyclespersecond.,an
amplitudeof0.001inch,anda normalloadof0.2pound.Additional
experimentswereconducted.withsteelflatsvibratingincontactwith
steelflatsat15cyclespersecond,anamplitudeofapprmdmately
0:003inoh,andanominalpressureof-20poundspersquareinch.Six
siqleandpracticalmethaisofapplyingM&2 wereused..

.
APPARATUS

Steelballagainstglassflat.-Partoftheexperimentswere
conductedwithessentiallythesameappdatusasthatdescribedh
reference2bywhichfiettimgcorrosionsuitableformicroscopic
studywaswoduc*e A l/2-inch-diameterchrome-alloysteel(SAE -
52100)ball(surfacefinish,3 to4 microin:rms)wasvibratedin
contactwitha deanglassmicroscopeslideata frequencyof
120cyclespersecond-,anamplitudeof0.001inch,anda loadof
0.2poud (calculated~ertzsurfacestressof35,OOOlb/sqin.).
A diagmmmticsketohoftheappratusispresentedinfigurel(a).

. —— —..... . ... —- .- .— .-. ----- —--—v---- ———-
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Steelflatagainststeelflat.- h additiontothemethod
ofmlmosoopicobservationusingsteelvibratingincontactwith
glass,eqerimentswereoonduotedwithsteelvibratingincontact
withsteelforbettersimulationofactualoases.A shpleappa-
ratuswasusedInwhichonecleanflatspechnenofblueSwedish
springsteelwasvibratedincontactwith8.netherata frequenoy
of15oyclespersecond,anamplitudeofapproximately0.003 inoh,
andanominal. pressureof20poundspersquareinch.A d~atic
sketchofthisapparatusisshown~-figt&e
steelwaschosenbeoauee,inpracticaluse,
tibletofailuresbyfrettingcorrosion.

PROCEDURE

l(b).Swedish:pring
thismaterialissuscep-

Theeffectivenessofa nuuiberofmetihodsofapplyingMcS2
wasevaluatedwithbothtypesofapparatus.Thenumberofoycles
tofailurewasdeterminedinbothoasesbynotingtheelapsedtime
andbyoaloulatingthesecyclesfromthetheoreticalfrequenoy.
Mioroscoplcobservationthroughtheglassslidewastie contin-
uouslyfor100,000cyclesandperiod.ioallythereafter.Inthe
experimentswithsteelflatsagainststeelflats,thesurfhceswere
separatedandmacroscopioallyamminedevery5minutesfor1 hour
andeveryhourthereafter.

Insomeinstances,fretting-corrosioninhibitorshavebeen
evaluatedbynotingspeoimenweight10SSOWhenfrettingcorrosion
ommrsdryorinthepresenceofa liquid,thismathodisappli-
cableifthestainandthedebrisarecompletelyremovedbythe
liquidorsubsequenttreatment.Iftheliquidsortreatmentonly
partlydeanthespecimen,thesurfaoefrettingmaybemoreexten-
sivethanindicatedbyweight10SS;ifthesurfacesarefretted
dry,a gaininweightmayresultbeoauseofoxideformation.Fret-
tingcorrosionstartswithslidingandmaterialisremovedfromthe
surfacesduring1/2cycleofvibration(referenoe2). Beoausepart
oftheremovedmaterialadherestemciouelytothespecimens,the
weight-lossmethodmaybeinoapableofdetectingtheinceptionof
frettingcorrosion.b thisinvestigation,theveryfirstappear-
anceofdebrisorbrownstain(tndioatingthepresenceofoxides)
wastakenadevidenoeoffrettingcorrosion.

Allspecimenswerecleanedpriortoapplicationof MoS2by
scrubbingthemina commercialdegreaserandbythreesuccessive
washesinanunoonteminatedsolventconsistingofequalpartsby
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volumeofacetoneandbenzene.Asa basisofcaqarison,speoimens
cleanedaccurdingtothisprocedure(withoutanyapplicationof
MoS2)weresubjectedtofrettingcorrosion.w sixmethods of

applyingthe M@2 (commercialgrade,97.25peroentpure)tothe
steelballsandthesteelflatswereasfollows:

Method. MethodsOfapplAoationofMoS2 tospecimens

1
2
3

6

DustedwithMcS2 powder
IhibbedwithMoS2 QOWd@?byfingers
mrsed inndxtureQf M@2, distilledwater,and.

aerosol
Eumersedinndxtureof MoS2 andlightoil(SAE1O)
Coatedwithmixtureof McS2 aniiheavygrease(lime-
soapbase)

Bondedwith M022byrubbingmtxtureof “MoS2and
corns= intointimateoontactwithcleanedhot
metal

PhotomicrographsofseveraltreatedsteelsurfacesaswelJ.asa
cleanedsurfaceareshowninpart(a)offigures2 to5. . .

Thecoatingofmefial6wasformedbya prooedurethatis
based.onreferenoe8. Thetenacityofthecoatingappliedby
thisproceduremayresultfrompresenoeofanironoxide;ifso,
theprocedurecouldbeapplicableonlytoferrousalloys.The
prooedureisasfollows:

*

.

(1) Thoroughlywashthespecimenina ccnumeroialsolvent.

(2) Completelydegreasespecimenbysuccessivewashesin
uncontaminatedsolvent,suchasequalpartsbyvolumeofacetone
and.benzene,untilwaterwillmmpletelywet.thesurface.

(3) Heatspec=n untilo+iefilmisdarkblue.

(4) Uni& a fumehood,dipandstir’thehotspeoimenina
well-st&redmi@ure(almostboiling)ofequalpartsbyvolumeof
“cornsyrupand M@2 powder.ForSpOCiYllOIISWith O- 001’taiIl

areas to becoated,simplysmearthehotmixtureonthoseareas.

.

.
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(5) Removefrommixtureandwhilebaking(250°to6000F)until
dry,thoroughlyrubthespecimenwitha spatulatoinsureintimati
oontaotbetweenthemixtureandthespeoimen.

(6) Cooltheh~vilyooatedspeoimenandrubofftheexoess
masstoproducea smooth,sllppery,“gray,and-Unif- coat~.

.
I& veryclose-fittingparts,the‘filmcanbertibbeddowntoa
thiOk13SSSofOli@ 0.0001inoh.Eqerimentsreportedinreference6

. Indicatethata treatmentwithsyrupalonecausesa verysmall
reduotioninoo@’fioient& frictionascomparedtoa treatmentwith
themixture.

RFSULTS

Theresultsofthisfretting-ccmrosioninvestigationaresum-
marized In tableI. Thedegreeto whioheachmethodofapplying
McS2 inhibitsfrettingcorrosionis@cated bythenuuiberof
cyoles re@red fortheoccurrenceofthephenomenon.Thenumber
ofcyolesisanaverageofthreeexperimentsandtheresultsare
reproduciblewithin+ 3 percentexceptformethod5,theresults
ofwhiohwerereproducible‘withinO* * 10percent.Observation
ofthebehaviorofthe M&2 andthenatureofoccurrenceoffret-
tingoaq’rosionbetweensteelballsand.glassflatsandbetweensteel
flatsandsteelflatsisalsobrieflyindicatedintableI. For
mmparison,informationonclpanspecimensisincluded.

SteeiBa13.agaihstGlassFlat

Microscopicobservationoftheactionatthe=ea ofoontact
wasmade;photomiorographsoftheresultsforseveralmethodsof
a~licationareshowninfigures3 to5. b thesephotcmicrographs,
blackMc92 isidentifiedby.whitepertiolesbecausethelaminae
efficientlyreflectlight.wettingcorrosionwasidentifiedbythe
appearance ofredoxide,brown.stain,ad blackactivespots;how-
ever,we redoxidephotographsasa lightgray,finelydivided,
textursdmaterialjthebrownstainappearsasa localdarkening,
andtheblackspotsphotographasblackspots.

Cleansteelballsandglassproduced.visiblefrettingoorro-
sioninstantaneously(lessthan30cycles)asisdlscuesedindetail
inreferenoe2 antishowninfigure2(b).Iaterstagesareshownin
ffgures2(o)and2(d).Conditionsweretherefcresuohthatfretting
coirosion-woul.d
otherfaotors.

occurimmediatelyunlessdelayedor preventedby
.

.
.
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The influence ofapplying
surface(method1)isshown

M&z bydustingthe&y
infigure3. Initially,

NAOAKl!N2180

powderon
Me& .

intheareaofcontact(fig.3(a)).Withvibrationthe McS2
smeared;continuedvibrationrubbedt~s smearedfilmaway,

thuspermittingmetal-to-glasscontactandconsequentfretting:
cm’rosicndm&ge. This-e wasevidenttiterapproximately
72,000cycles(fig.3(b)). .

h the second method ofapplication, M&2 wasthoroughly
rubbedonthesteelballtoencourageanyinherentattraction;
thesurfaceappearancewassimilartothatshowninfigure3(a).
Apparentlytherubbingservedonlytoreducetheamountof McS2
andtoremovelargerparticles.Becausethesteelballswere
smooth,therewerefewmicroscopicvalleysinwhichthe M&~
particlescouldbereadilylodged.Duringvibrationthe MoS2
wassmearedat the area of contact butfrettingcorrosionstarted
at21,600cycles,a fewhundredcyclesafterthe M&2 wasrubbed
away,andprogressedh anuninb.ibitedmanner.(Theappemance
wassimilartothatshowninfig.3jb).)

Thethirdmethodofapplicationusinga mixtureof McS2
withwaterandaerosolresultedina largeamountof MoS2 in
theareaofcontact;however,1 secondofvibrationremovedmost
ofthevisibleMcS2. Afterremovalficmtheareaofcontact,
observationrevealed..thatthevisibleM&2 vibratedsmtheti-
callyinthesurroundingli@idandremainedoutsidetheareaof
contact.IRrettingcorrosionwasfirstobservedafterapproxi-
mately21,600cyclesbytineappearanceofbrownsl%inandred
debris,whichwasdispersedin~ water.

Thedepositionofa mixtureof MoS2
betweenthesteelballandtheglassslide
intheareaofcontact,asshowninfigure
secondsofvibration,however,thevisible

andlightoil(SAX
(method4)placed
4(a).Aftera few

10)
McS2

McS2 hadagainreced&3,

.

.

leavingoilattheareaofcontact(fig.4(b)).After86,400cycles,
fiett~ corrosionbecameevidentastheusualbrownstainand
disperseddebris(fig.4(c)).Oncesterted,frettingcorrosion
wasunirihibitedandcontinuedtotheadmncedstageshowninfig-
ure4(d).WQenthebulkliquidsurroundingtheareaofcontactwas
drawnoffleavingM&2 andanoilfilm,frettingcorrosion
occurredwith1500cyclesandprogresseduninhibitedly.

.

.
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.
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Theapplicationofa mixtureof MoS2
(method5)alsodelayed.frettingcorrosion.

andheavygrease
Themixtureof M&2

andgreasewaspresentattheareaofcontactandtheappearance
wassimilartothatshowninfigure4(a).Thevis”ibleMcS2was,
however,absentafter3600cyclesofvibration,theappearance
beingsimilartothatshowninfigure4(b).b theearlystages,
wearofthesteelbaKlwasevidentbutfrettingcorrosiondidnot
occurasdefinedherein.Frettingmrrosionwasdelayedforapprox-
imately216,000cyclesanlthenoocurred,progressed,andappeared
ina’similarmnnertothatobservedintheexperimentswitha mix-
tureof Md32andlightoil(figs.4(c)and(d)).

Theextenttowhich’scoatingof McS2 boniedtothesteel
U (method6)delayedfrettingco?=osionisshowninfigure5.
Thenatureoftheundisturbedsurface,withmanyreflectingsur-
faces,isshowninfigure5(a)tobe completelycoveredandpro-
tected.A fewseoondsvibrationchangedthesurfaceatthearea
ofcontactverylittle,butcontinuedvibrationproducedthespot
showninfigure5(b).Theblackmaterialappearedtobe onlyfindy
dividedMcS2 andcarbon.The MoS2 coatingafterapproximately
500,000cyclesisshowninfigure5(c);nogreatchangehadoccurred
andtherewasnoactionsuggestingsteelwasabouttobe exposed.
After28,000,000cycles,furtherPulverizationhadoccurredandf&et-
tingcorrosionwasfirstevidencedasa brownstain(fig.5(d)-).
Thisphotomicrographwastakenwithouttheglassinplacetoshow
howlittletheballl.andthecoatingweredamgedafterbeimgsti-
jectedtosuchagreatnmiberofcycles.Thecwtin8,however,was
sufficientlyworntoexposethemetal.

SteelF~tagatitSteelFlat

Theresultsofthesecondpartoftheexperimentsinwhichtwo
flatspecimensofblueSwedishspr~ steelwerevibratedincontact
arealsosummarizedintableI. Thedetxnminationwasfirstmade
thattheconditionsoftheexperimentswouldimmediately(lessthan
100cycles)producefrettingcorrosionbetieencleanspec-ne. The
extentoffrettingcorrosionbetweencleanspecimensafter45OOcycles
isshownin$igure6. Thedebris,whichphotographslightgray,is
a red-lustcolor.Thecleanportionofthespecimenthatwaenotsub-
jecttovibrationisshownontherightsideofthentacrograph..

An exampleoffrettingcorrosioninthepresenceofunbended
Md32 Isshowninfigure7,wheretheredstainandthedebriswere

.
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visibleafterapprox=tely1,620,000oyctleswitha m&dnn?eof
M&2. andheavygrease(method5)betweenthesurfaces.

Themixturesof M&2 withoil(method4)orgrease(method5)
appreciablydelayedfrettingmrroslon;however,themixtureswere
tosomeextent“workedout”&om betweentheflatspecimensand
leftthebearingareasunprotectedandwithnoevidenoeofdeposited
M&z . lMmrme&late examinationrevealedthebaremetalspotstobe
the=easwherefrettingccmrosionsubsequentlyoccurred.Periodio
examinatiaofthe,flatspecimensprobablyinoreaeedthenumberof
oyclesrequiredtoproduoefrettingcorrosionbeoauseinspiteof
preoautione,removing~ replacingthespecimenspossiblysmeared
theinoipietilyfrettedspotswithlubrioant.

Thebondingprocedureofmethod.6 formeda fine-texturedcon-
tinuousmatingof M&z ontheflatsteel.Yibrationofa olean
uncoatedspecimeninoontactwiththebondedspecimensProd.uoeda
nmiberofshinybearingareasand M&2 wastransferredtothe
cleanmattngsurface.Afterfretttngcorrosionwasfirstevidenoed.
atapproximately10,000,000oyolesthecoatingwasverythinin
spotsd a browntintfromtheoxidepowderwasvisible.b adai-
tion,the M&2 ooatingwaspowderedincertainareas.

.

$to
d

.

.
.

D15CUBSION

Theresultsoftheresearchwithbothtriesofexperimental
apparatusshowedthesametrend.Thenuuiberofcyclesrequired
toprcducefrettingcorrosionforeachmethodofapplicationindi-
oatedthata matingofdry MoS2 bondedtosteelwasfarsuperior
to Md32 a~pliedbyothermethcdsindelayingfrettingcorrosion.
Themtrturesof McS2withoilorgrease,however,appreciably
delayedoocurrenoeoffrettingcorrosion;allmethodswerebenefioial.

Mioroscopioobservationoftheactimbetweensteelandglass
withmtxturesof MoS2andverioueoarriers(water,oil,orgrease)
asinhibitorsrevealedthatthe M092maybeineffective.E so,
theresultsereessentiaJ2yfortheoarrieralone*tialJ.theeqy3r-
imentswithliquids,a finitetimewasapparentlyrequiredtoforoe
th liquidsfkomtheareaofcontact,thuspermittingmetal-to-glass
oontactofsufficientmsgnitudetoproducevisiblefrettingcorrosion.
Furtherobservationrevealedthatthesurfmeofthesteelballwas
polished(thatis,themioroscoptiscratcheswereobliterated)inthe
presenceofliquidsaniwithouttheusualevidenceoffrettingmrrosion “.

. ,-- J
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“ except fora slightcloudingoftheliquid.Thisobservationindi-
catesthatboundarylubricationexistsandthatonceconditionsare
favorabletopermita relativelygreatamountofrealareaofcon-
tact,sufficientdebrisispralucedandextrudedina manneirthat
inhibitsfurtherentranceofoilintothebearingarea.Thus,fret-
tingcorrosiononcestartedbecommeelf’-accelerating.

Observationsindicatedthattheeffectivenessofanyfietting-
corroslon“inhibitorisdependentonitsabilitytopreventmetal-to-
metalcontaotofeurfaceasperitiescontinuously.Thecircumstances
~er whichfbettingcorrosionoccursareverydemandingontheload-
carryingcapacityandcontinuityofanysolid-filmlubricant.The
ploughingactionofanyonecontinuouslyreciprocatingasperitywould
soonbreakthrougha.filmoflowload-camyingcapacityandafter
breakingupsucha film(ifitIsnonregenerative)wouldproceedto
pushitoutoftheway.

ThecompoundM&& iseffectiveinpreventingfrettingcorro-
sionaslong as it r&ains in the areas of oontact whereitcanmini-
mizeadhesionbypreventingmetal-to-metalcontactofsurfaceasperi-
ties. Properlybonded.McS2appearscapableofresistingthesevere -
“clti@ action offrettingcorrosionfora longperiodoftime.
Scmeofthe MoS2jisinitiallytransferredtoandlodgedonthe
matingsurfaceandthuscoversthedestrwtiveasperities?bears
partofthe10EuI,@facilitatesthesliding.Thismechanismis
similartothatproposedtithetheoryofthin-metallic-filmlubri-
cation(reference9).

Theeffectiveness

SUMMARYOFRIEUEl!S

ofmo~bdenumdisulfideMcS2asa fretting-
corrosioninhibitorwasinve_etigated.SfimethodeofapplyingM&2
wereusedintheexperimentswithsteelballsagahetglassflats .
andtheactionwaemicroscopicallyobserved.Themqrepromising of

thesemethodswereusedinexper~ntswithsteelflatsvibratingin
contactwithsteelflatsandthespecimenswereperiodicallysepa-
ratedandexamined.Inbothcases,themethcdswereevaluatedby’
notingtheraunherofcyclesofvibrationthatproducedthefirst “
evidenceoffrettingcorrosion.Thefollowingresultswereobserved:

1. A coating
ture of M&z and

metal) provedmost

.

ofdry Md32bondedtosteel(byrubbtnga tix-
eyrupintointimatecontactwiththecleanhot
effectivebydelayingthestartoffretting

.—- -. —----- —.. —.. -.— - ,—. . -—. — —— ——— .- .—— ----- —-— ,—- .—-
,
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corrosion to 28,000,000cyclesforsteelballsagainstglassflats
andapp%ximately10,000,000cyclesforsteelflatsagainststeel
flats. Uhderthesameconditions,cleanuncoatedsteelspecimens
showedimmediate(lessthan100cycles)frettingcorrosion.

2. Dry McS2 ad mixturesof ~ withvariouscarriers
(waterandaerosol,lightoil,orheavygrease)appreciablydelayed
frettingcorrosion(toasmuchas216,000cyclesfcrthendx’tureof
McS2andheavygrease);however,microscopicobservationrevealed
thatMci32mayhavebeenineffectiveatthecontactarea.h the
mixtures,itispossiblethatthecarrieralonewasresponsiblefor
thebeneficialaction.

3. Observations-Cated.th@ theeffectivenessofany
fretting-corrosioninhibitorisdependentonitsabilitytopre-
ventmetallicadhesioncontinuously. /

LewisFlightPropulsionLalxmatory,
NhtionalAdvisoryCommitteeforAeronautics,

Cleveland,Ohio,June23,”1950.

0
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TABLE‘I-RENJLISOF

USINGMOLYBDH?tR4

FRETTING-~Q.RCSIONINVliSTIEATIOIV

DtiIDE “MoS2AS INHDITOR

Methd Surface Averagenumberof Observationofcontaot
condltion cyclesforfirst .areaduring- after

evidenoeoffiet- experiments
tingcorrosion

Steelball.againstglassflat

clean 1-30 ~tantaneous,fietting
corrosion

1 McS2 dusted , 72,000 McS2 formedsmoothbear-
ingsurfacethenrubbed

● away
2 Md32rubbed 21,600 MoS2 smearedthinlythen

rubbedaway
3 Md32,water, 21,600 MoS2visibleonlyinsur-

andaerosol roumlingarea
4 MOS2 andoil 86,400 M@2 visibleonlyinsur-

roundingarea
5 MoS2and 216,000 McS2 visibleonlyinsur-

grease roundingarea
6 BondedMQS2 28,000,000 Coatingformedsmooth
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brownstainappeared

Steelflatagainststeelflat

Clean < 100 13imediatefretting
corrosion

1 McS2 dusted 100,000-160,000Dryredoxideandstain
4 M&z andoil 700,000-760,000Brown-blackdebrisand

spottysurfacefailure
atistain

5 McS2 and 1,560,000-1,620,000Brown-blackdebrisand
grease spottysurfacefailure

andredstain
6 BondedMcS2 9,823,000-9,883,000Smoothshinybearing

areasformedthen
brownpwderappeared
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Figure1. - Schematicdiagramof fretting-corrosionapparatus.
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